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Abstract. Habitat complexity reflects resource availability and predation pressure, 17 
factors that influence behaviour. We investigated whether exploratory behaviour and 18 
activity varied in fawn-footed mosaic-tailed rats (Melomys cervinipes) from two 19 
habitats that were categorised differently based on vegetation. We conducted 20 
vegetation surveys to determine structural complexity and vegetation cover, 21 
confirming that an abandoned hoop-pine (Araucaria cunninghami) plantation forest 22 
was structurally less complex, with lower vegetation cover, than a variable secondary 23 
rainforest. We then tested mosaic-tailed rats from both sites in four behavioural tests 24 
designed to assess exploratory and activity behaviours (open field, novel object, light-25 
dark box, acoustic startle), predicting that rats from the less structurally complex 26 
habitat would be less exploratory, and show lower activity. Our results provide some 27 
evidence for a context-specific trade-off between exploratory behaviour and predation 28 
risk in rats from the abandoned hoop pine plantation, as rats were less active, and 29 
showed a freezing strategy in the light-dark box. We also found context-specific sex 30 
differences in behaviour in response to a novel object and sound. Our results suggest 31 
that small-scale variation in habitat structure and complexity, as well as sex 32 
differences, are associated with variation in behaviour, most likely through effects on 33 
resource availability and/or predation risk. 34 
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 38 
Introduction 39 
Habitat complexity refers to the level of variance in vegetation structure and cover 40 
over spatial and temporal scales (Wiens 2000). Environments with low complexity are 41 
more homogeneous, with resources being evenly distributed and constant over space 42 
and/or time, while environments with high complexity are more heterogeneous, with 43 
resources varying spatially and/or temporally (Rymer et al. 2013). In less complex 44 
environments, perceived predation risk is often higher due to lower vegetation cover 45 
(Sutherland and Dickman 1999), although this may be species-specific. Given this 46 
variability in habitats of differing complexity, differences in resource distribution and 47 
levels of predation risk will drive selection for differences in exploratory behaviour 48 
and activity (Marín et al. 2003).  49 
Exploratory behaviour involves gathering information about an environment 50 
(Mettke-Hofmann et al. 2002). During exploration, information is collected about the 51 
distribution and abundance of profitable feeding sites, refuges and escape routes, and 52 
potential mates (Boon et al. 2008). In less complex, more homogenous habitats, 53 
individuals must trade off the need to gain access to resources against the risk of 54 
predation (Marín et al. 2003). Individuals from these habitats tend to move faster and 55 
more directly between resource patches, and are less exploratory, minimising time 56 
exposed to predators (Schultz et al. 2012). However, resources may be less abundant, 57 
promoting competition, with higher fitness generally achieved by larger, more 58 
aggressive individuals (Glazier and Eckert 2002). In complex environments, resources 59 
may be unpredictably distributed spatially and temporally, while higher vegetation 60 
cover mitigates perceived predation risk (Rader and Krockenberger 2006).  61 
While ecological factors may affect exploratory behaviour, they may also affect 62 
activity. When animals are directly exposed to predators, they may respond in a 63 
number of ways. Initially, they might avoid detection by remaining still (freezing; Edut 64 
and Eilam 2003), relying on camouflage (e.g. lesser Egyptian jerboa (Jaculus jaculus), 65 
Hendrie et al. 1998). Alternatively, they might choose to flee (flight; Edut and Eilam 66 
2003), relying on speed to access a refuge (e.g. spiny mice (Acomys cahirinus), Ilany 67 
and Eilam 2008). Finally, if they are unable to avoid or evade a predator, they might be 68 
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forced to defend themselves (fight; Edut and Eilam 2003). The decision regarding 69 
which behaviour should be used depends on a variety of factors, such as the 70 
availability of cover and distance to a refuge. Cover provides protection from predation 71 
during foraging (Lagos et al. 1995; Orrock et al. 2004), and a place of refuge during 72 
times of inactivity (Cassini and Galante 1992). However, cover can also impede 73 
movement and obstruct locomotory ability (Schooley et al. 1996). Consequently, in 74 
less complex, homogeneous environments, with lower cover and higher perceived 75 
predation risk (Sutherland and Dickman 1999), an animal may be more likely to freeze 76 
in response to perceived predation risk because they would likely would have to forage 77 
away from cover (Edut and Eilam 2003). In addition, animals from these environments 78 
might be less active overall to reduce exposure to predators. Animals from complex, 79 
heterogeneous habitats with more cover may consequently be more willing to flee 80 
because cover is readily available, and they might be more active overall in these 81 
environments due to lower perceived predation risk (Wilson and Godin 2009).  82 
While the environment and an individual’s experiences influence behaviour, 83 
behaviour can also be affected by an individual’s sex. Males are often more active and 84 
exploratory than females (e.g. zebra finches (Taenipygia guttata), Schuett and Dall 85 
2009; three-spined sticklebacks (Gasterosteus aculeatus), King et al. 2013; Middle 86 
East blind mole rats (Spalax ehrenbergi), Heth et al. 1987). Similarly, males may 87 
respond differently to perceived threats. For example, male and female fawn-footed 88 
mosaic-tailed rats (Melomys cervinipes) respond differently to predator odour cues, 89 
with males being less neophobic (fear of novelty; Barnett 1958) than females (Paulling 90 
et al. 2019). These differences could be modulated by sex-specific differences in 91 
gonadal hormone expression (Beatty 1979), or could be a consequence of the 92 
individual’s development. For example, female spiny mouse (Acomys cahirinus) pups 93 
were more exploratory than males, most likely because mothers directed more parental 94 
care towards sons, and physically inhibited sons from exploring, indicating maternal 95 
effects on the development of exploratory behaviour (Birke and Sadler 1991). 96 
We investigated whether behaviours associated with exploratory behaviour and 97 
activity varied in fawn-footed mosaic-tailed rats from two habitats. Mosaic-tailed rats 98 
are medium-sized (72.9 ± 12 g; Callaway et al. 2018) murid rodents (Wood 1971) 99 
endemic to forest habitats along the eastern coast of Australia (Callaway et al. 2018). 100 
They also occur in disturbed forest edges (Laurance 1994) and open environments, 101 
such as open shrubland (Woodall 1989). They are nocturnal, with some variations in 102 
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activity depending on moonlight and time of year (Wood 1971), and use olfactory cues 103 
to identify and avoid predators (Hayes et al. 2006; Paulling et al. 2019). Natural 104 
predators include feral cats (Felis catus), dingos (Canis lupus dingo), spotted tail 105 
(Dasyurus maculatus) and northern quolls (D. hallucatus), sooty (Tyto tenebricosa) 106 
and lesser sooty owls (T. multipunctata), southern boobooks (Ninox boobook), 107 
Amethystine (Morelia amethistina), carpet (M. spilota variegata) and spotted pythons 108 
(Antaresia maculosa) and red-bellied black snakes (Pseudechis porphyriacus; 109 
Callaway et al. 2018).  110 
Mosaic-tailed rats are scansorial (Watts and Aslin 1981), favouring trees with 111 
attached vegetation that aids climbing (Wood 1971). Much of the night is spent 112 
actively foraging, and mosaic-tailed rats use the arboreal environment extensively for 113 
this purpose, although they also forage on the ground (Rader and Krockenberger 114 
2006). They are generalists, feeding primarily on foliage and vegetation, but will eat 115 
fruits, nuts, seeds, fungi and flowers, and may eat insects if necessary (Callaway et al. 116 
2018). Interestingly, mosaic-tailed rats can also innovate, solving novel problems to 117 
access resources (Rowell and Rymer 2020). 118 
We selected two habitats that were located in close spatial proximity (Smithfield, 119 
Cairns) but were classified differently based on vegetation composition and underlying 120 
geological structure (WTMA 2009), and appeared to differ in complexity. We first 121 
conducted vegetation surveys to confirm structural complexity differences. We then 122 
predicted that mosaic-tailed rats from the less structurally complex habitat would be 123 
less exploratory, and show lower activity, due to higher perceived predation risk 124 
(Sinclair 1979), and a need to trade off foraging against predation risk (Brown 1999). 125 
We made no a priori predictions of sex differences in behaviour because other studies 126 
suggest that strain/species differences may occur (Küçük and Gölgeli 2007). 127 
 128 
Materials and methods 129 
Study Sites 130 
The mosaic-tailed rats originated from two sites on the James Cook University (JCU) 131 
Cairns Campus, Australia, and surrounds. The first site (16° 49' S, 145° 40' E) was a 132 
complex notophyll vine forest on moist foothills and uplands on metamorphics and 133 
granites (7c; WTMA 2009), designated HP. At this site, we focused habitat surveys 134 
and mosaic-tailed rat collection in an abandoned hoop pine (Araucaria cunninghamii) 135 
plantation undergoing natural revegetation. The second site (16° 49' S, 145° 41' E) was 136 
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a variable rainforest secondary successional forest complex on alluvium (61a; WTMA 137 
2009), designated RF. At this site, we focused habitat surveys and mosaic-tailed rat 138 
collection along a small creek (Atika Creek).  139 
 140 
Habitat Complexity 141 
Habitat complexity was assessed at each site based on Coops and Catling (2000) and 142 
Cousin and Phillips (2008). We also included other elements (presence of vines and 143 
different substrates) that contribute to the complexity of forest environments. 144 
Five 10 x 10m quadrats were randomly located in each habitat. For each quadrat, 145 
we recorded structural complexity in five vertically defined strata: 1) ground level; 2) 146 
0–2 m above ground level; 3) 2–10 m; 4) 10–30 m; and 5) > 30 m. At ground level, we 147 
counted the number of substrate types (e.g. rocks, grass; Table S1). We divided the 148 
number of substrates within a quadrat by the total number of substrates detected across 149 
all quadrats to give a relative measure of substrate diversity (from 0 to 1). For each 150 
vertical stratum above ground level, we recorded number of trees (abundance), number 151 
of tree species (diversity), number of vines, and number of vine species (Table S1). 152 
Each of the four measurements within each quadrat was then divided by the maximum 153 
value detected across all quadrats surveyed (assuming that this was representative of 154 
the full potential structural diversity available in this site) for that measure, giving four 155 
relative abundance or diversity scores. We then calculated the average scores for all 156 
five strata combined to get a single measure of stratum complexity (from 0 to 1, where 157 
0 = lowest complexity and 1 = greatest complexity). Finally, to assess the relative level 158 
of cover available to an animal foraging on the forest floor (0–2 m), we summed the 159 
number of trees and vines measured for each habitat, and then divided by the total area 160 
measured for each habitat. 161 
 162 
Subjects 163 
40 mosaic-tailed rats (HP:  males: n = 11 males; females: n = 9; RF: males: n = 11; 164 
females: n = 9) were live trapped between April and September 2014 using Elliot traps 165 
baited with balls of peanut butter, vanilla essence, honey and oats. Only adult males 166 
and adult, obviously non-pregnant and non-lactating females were used to reduce 167 
potential hormonal effects on behaviour (Picazo and Fernández-Guasti 1993; Chen et 168 
al. 2009). Although we were systematic in our placement of traps (one week in the RF 169 
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site, followed by the next trapping week in the HP site), we were more successful in 170 
the RF site during the first three months. In order to balance the sample sizes between 171 
sites and sexes, we increased trapping effort in the HP site during the last three months. 172 
Consequently, variations in the abiotic environment could also contribute to any 173 
differences in behaviour observed. Therefore, we obtained the minimum and maximum 174 
temperatures, humidity and rainfall from the Bureau of Meteorology website 175 
(www.bom.gov.au), cloud cover from the Weather Underground website 176 
(https://www.wunderground.com) and moon phase from the Universe Today website 177 
(https://www.universetoday.com) for each individual for each day kept in captivity. 178 
We transferred individuals from the site of capture in cotton bags to glass holding 179 
tanks (61 x 38 x 30 cm) in the Animal Behaviour Laboratory on the JCU Cairns 180 
campus. Individuals were housed alone under partially controlled environmental 181 
conditions (22-26 °C; 50-65% relative humidity; natural ambient lighting). The floor of 182 
each tank was covered with a layer of coarse wood shavings (approx. 2 cm deep) for 183 
bedding. A cylindrical plastic nest tube (10 x 21 cm), a piece of paper towel and a 184 
handful of leaves collected from the capture site were provided for nesting. A 185 
cardboard roll was provided for enrichment. Each individual received ± 4 g of 186 
sunflower seeds and ± 5 g of apple daily. Seeds were sprinkled around the cage to 187 
stimulate natural foraging behaviour. Water was available ad libitum.  188 
Individuals remained in their home tanks for four days to acclimate to captivity 189 
before behavioural tests began (see below). After behavioural tests were complete, a 190 
small patch of fur was cut from above the left hind leg to enable identification of 191 
recaptured animals, and individuals were released at the site of capture at dusk. 192 
 193 
Behavioural Tests 194 
As mosaic-tailed rats are nocturnal (Wood 1971), behavioural tests were video-195 
recorded in the absence of observers using a Panasonic HC v 110 camera from above, 196 
under red light (which does not influence mosaic-tailed rat behaviour; Paulling et al. 197 
2019) and during the peak activity period between 22h00 – 00h00 (Callaway et al. 198 
2018). Testing arenas were washed with warm soapy water, wiped with ethanol and 199 
left to air-dry following individual testing.  200 
We used four tests, frequently used for other rodent species (e.g. Rymer and Pillay 201 
2012), to assess exploratory behaviour and activity in mosaic-tailed rats. Mosaic-tailed 202 
rats experienced the open field test first, followed immediately by the novel object test. 203 
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Individuals were then returned to their home tanks after testing, and rested for 24 hours 204 
before the next test. The following night, individuals experienced the light-dark box 205 
test, which was followed immediately by the acoustic startle test. Individuals were then 206 
returned to their home tanks after testing, and released the following day at dusk. 207 
 208 
Open field 209 
The open field test exploits the natural aversion of rodents to open areas (Carola et al. 210 
2002) and can be used to assess general locomotor activity and willingness to explore 211 
an environment (Gould et al. 2009). The open field arena consisted of a glass tank (61 212 
x 38 x 30 cm) with a ± 2 cm deep layer of coarse wood shavings. We placed an 213 
individual in the centre of the tank and allowed it to acclimate for five minutes (as per 214 
Rymer and Pillay 2012). Behaviour was then recorded for 10 minutes. We measured 215 
several behaviours that were mutually exclusive (i.e. an animal could not be exploring 216 
and inactive at the same time): the duration of time spent exploring (moving into the 217 
centre of the open field), time spent thigmotactic (wall-hugging), time spent rearing on 218 
the hind legs (freely or against the sides) and time spent inactive (sitting, without 219 
obvious movement, in a fixed position). We could not distinguish between active 220 
vigilance when inactive and general non-activity without vigilance when animals were 221 
inactive due to the red light and the distance from which recording occurred.  222 
 223 
Novel object 224 
The novel object test assesses an individual’s response to novelty (neophobia or 225 
neophilia; Ennaceur et al. 2009). This test occurred immediately after the open field 226 
test, in the same arena. A novel object (purple rubber Smiggle© horse; base 4.2 cm, 227 
height 5 cm) was placed in the centre of the arena, and behaviour was video-recorded 228 
for a further 10 minutes. In addition to the behaviours measured in the open field, we 229 
also measured the latency to approach the novel object (measured from the start of the 230 
novel object test to the time the individual approached within 1 cm of the novel object) 231 
and duration of time sniffing the object. A longer latency to approach the object, and 232 
less time spent sniffing the object, are indicators of neophobia (Ennaceur et al. 2009). 233 
All behaviours, barring latency to approach the object, are mutually exclusive. 234 
 235 
Light-dark box 236 
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The light-dark box test is based on a rodent’s innate aversion to brightly lit areas 237 
(Bourin and Hascoët 2003). The light-dark box consisted of a glass tank (61 x 38 x 30 238 
cm), separated into two equal compartments with a plastic barrier, with an opening (10 239 
x 10 cm) that allowed the animal to move between the compartments. One half of the 240 
tank, and the divider, was painted black (dark compartment), while the other half 241 
remained clear (light compartment). A rat was placed in the light compartment, facing 242 
away from the opening. Behaviour was video-recorded for five minutes, as pilot tests 243 
of 10 minutes showed that individuals either moved into the dark compartment and 244 
stayed there or stopped moving in the light compartment within 5 minutes. We did not 245 
use white light to illuminate the light compartment, but used the light entering from the 246 
laboratory window to maintain a more natural setting. For nocturnal rodents, greater 247 
illumination of an environment by moonlight increases relative predation risk 248 
(Bengsen et al. 2010). Consequently, we are mindful that there could have been some 249 
variation in natural illumination due to cloud cover and moon phase, which we 250 
controlled for statistically (see below). We measured the latency to enter the dark 251 
compartment, the latency to return to the light compartment, the number of transitions 252 
between compartments (frequency, which is discrete, rather than continuous), the 253 
duration of time spent in the dark compartment, and the time spent inactive, exploring 254 
and engaged in thigmotaxis in the light compartment only. We did not record rearing 255 
behaviour because it was very rare in this test (< 1% of behaviours), most likely 256 
because the dark compartment represented a refuge. All behaviours, barring latencies 257 
and frequency of transitions, are mutually exclusive. 258 
 259 
Acoustic startle response 260 
The acoustic startle response test is used to assess an individual’s response to a novel 261 
acoustic stress, which could indicate a predator in the environment (Valsamis and 262 
Schmid 2011). After the light-dark box test, we waited a maximum of five minutes for 263 
the individual to re-enter the light compartment if it was in the dark. We did not 264 
forcibly remove individuals from the dark compartment to minimise stress and to 265 
maintain ecological validity. Once it had moved into the light, or if the individual was 266 
already in the light compartment, we played the ‘alarm’ sound on an iPhone 5 beside 267 
the tank (volume full; duration for three ‘rings’). We recorded behaviours described 268 
previously for the light-dark box test following the startle. If the individual did not 269 
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return to the light compartment after the light-dark box test, it was marked as a non-270 
participant and returned to its home tank. 271 
 272 
Statistical analyses 273 
Statistical analyses were conducted using RStudio (version 1.0.153; 274 
https://www.rproject.org; R version 3.5.0, https://cran.rstudio.com). The model-level 275 
significance was set at α = 0.05. Data were tested for normality (Shapiro-Wilk test) and 276 
homogeneity of variances (Levene’s test) prior to analyses. Data were transformed 277 
where necessary (Table 1). Data for one RF male from the novel object test, and a 278 
different RF male from the light-dark box test, were excluded due to camera failure. 279 
Only 22 individuals (5 RF; 17 HP) re-entered the light compartment to participate in 280 
the acoustic startle test. 281 
For the different abiotic factors, in order to reduce the number of predictors, we 282 
ran a principal components analysis (PCA; corrplot package, Wei et al. 2017) 283 
including the continuous variables of average minimum and maximum temperatures, 284 
humidity and rainfall (calculated over the testing period of each individual). We only 285 
included a principal component (PC) in the final analyses if the eigen value was above 286 
1, and we only included principle components that explained at least 70% of the 287 
variance (alone or combined). 288 
We used t-tests to first assess whether the two sites differed in complexity and cover. 289 
We also used t-tests to assess whether body mass differed between sites and sexes, as 290 
preliminary data suggested this might be the case. In order to generate a single 291 
behavioural score for each individual within each test, we ran separate PCAs including 292 
all behaviours within each test. We first log-transformed number of transitions in the 293 
light-dark box and acoustic startle tests as PCAs are designed to compute continuous 294 
variables (Kolenikov and Angeles 2004). Again, for each test, we only included a PC in 295 
the final analyses if the eigen value was above 1, and we only included PCs that 296 
explained at least 70% of the variance (alone or combined). 297 
We then ran separate linear or general models (lmerTest package, Kuznetsova et al. 298 
2020) to assess whether PC behavioural scores within each test were first influenced by 299 
sex and site (fixed factors), and body mass (continuous predictor). We also included the 300 
interactions between site, sex and body mass because t-tests indicated differences 301 
between sites and sexes (see Results). We then ran a second set of models to assess 302 
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whether the abiotic factors (PC weather scores as continuous predictors, and cloud cover 303 
and moon phase as categorical predictors) affected behaviour. Because negative 304 
binomial models are unable to deal with negative values (which arise from the PCA), to 305 
transform PC variables, we scaled the variables as necessary (Table 1).  306 
 307 
Ethical note 308 
Mosaic-tailed rats were observed daily, and weighed on capture and before release to 309 
assess health. Individuals were held for a maximum of one week before being released 310 
at their site of capture. All animals gained weight in captivity. Experimental 311 
procedures had no noticeable effects on the welfare of mosaic-tailed rats. The study 312 
complied with the Australian Code for the Care and Use of Animals for Scientific 313 
Purposes (NHMRC). Permission to catch and release animals was granted by 314 
Queensland Parks and Wildlife (permit numbers WITK14530914 and 315 
WISP14530814). The study was approved by the Animal Ethics Screening Committee 316 
of James Cook University (clearance number: A2020). 317 
 318 
Results 319 
The RF site was significantly more complex (t-test: t7.79 = -5.36, P < 0.001; Fig. 1a), 320 
and had greater cover (t4.21 = -3.02, P = 0.037; Fig. 1b) than the HP site. Individuals 321 
from the RF site weighed significantly less than individuals from the HP site (t33.82 = 322 
4.91, P < 0.001), weighting 15.1 g less on average. In addition, males were 323 
significantly heavier than females (t33.82 = -3.20, P = 0.003), regardless of site, 324 
weighing 10.8 g more on average. 325 
For the abiotic factors, the first and second principal components (PCs) 326 
collectively explained 87% of the variance (Table S2). For PC1 (hereafter 327 
PC_Moisture), humidity contributed 38% to the variance, the minimum temperature 328 
contributed 32% and rainfall contributed 28% (collectively 98%). All were positively 329 
correlated (i.e. the colder it was, the drier and less humid; Table S3). Because the 330 
maximum temperature contributed 90% to the variance of PC2, we elected to treat this 331 
abiotic factor independently. 332 
 333 
Open field 334 
In the open field test, site, the first two PCs collectively explained 79% of the variance 335 
(Table S2). For PC1 (hereafter PC_Active), thigmotaxis and rearing collectively 336 
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contributed 48% to the variance, and inactivity also contributed 48% (collectively 337 
95%). There was a positive correlation between duration of thigmotaxis and rearing, 338 
and a negative correlation between duration of inactivity and both thigmotaxis and 339 
rearing (Table S3). Individuals that spent more time engaged in thigmotaxis and 340 
rearing were also more active. While site, mass, sex, and the interactions between site 341 
* sex, mass * sex and site * mass * sex did not affect PC_Active scores (Table 1), there 342 
was a significant interaction between mass and site (Table 1). Rats from the HP site 343 
that were heavier on average, and rats from the RF site that were lighter on average, 344 
were more active than heavier rats from the RF site (Fig. 2). None of the abiotic factors 345 
affected PC_Active scores (Table 1). Because duration of exploration contributed 81% 346 
to the variance of PC2, we elected to treat this behaviour independently. There were no 347 
effects of any factors on exploratory behaviour (Table 1). 348 
 349 
Novel object 350 
In the novel object test, the first PC (hereafter PC_Active) explained 76% of the 351 
variance (Table S2). Inactivity contributed 22% to the variance, latency to approach 352 
the novel object contributed 21%, thigmotaxis contributed 19% and rearing contributed 353 
18% (collectively 80%). There was a positive correlation between duration of 354 
inactivity and latency to approach the novel object, with individuals that were more 355 
active approaching the novel object faster (Table S3). There was also a positive 356 
correlation between thigmotaxis and rearing, with individuals that engaged in more 357 
thigmotaxis also rearing more (Table S3). Inactivity/latency was also negatively 358 
correlated with thigmotaxis/rearing (Table S3). Site, mass, sex and their interactions, 359 
and the measured abiotic factors did not affect PC_Active scores (Table 1). Because 360 
duration of sniffing the novel object contributed 75% to the variance of PC2, we 361 
elected to treat this behaviour independently. Sex had a significant effect on duration 362 
of sniffing of the novel object (Table 1), with females sniffing the object 2.7x more 363 
than males (Fig. 3). No other factors affected duration of sniffing of the novel object 364 
(Table 1). 365 
 366 
Light-dark box 367 
In the light-dark box test, the first three PCs collectively explained 92% of the variance 368 
(Table S2). For PC1 (hereafter PC_Active), inactivity and latency to enter the dark 369 
compartment collectively contributed 50% to the variance, while the number of 370 
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transitions contributed 20% (collectively 70%). There was a positive correlation 371 
between duration of inactivity and latency to enter the dark compartment, with rats that 372 
were more active entering the dark compartment faster than rats that were less active 373 
(Table S3). There was also a negative correlation between inactivity/latency and the 374 
number of transitions, with rats that were less active or who took longer to enter the 375 
dark compartment making fewer transitions (Table S3). Site had a significant effect on 376 
both PC_Active scores (Table 1). Rats from the HP site were less active, took longer to 377 
enter the dark compartment, and made fewer transitions than rats from the RF site, 378 
which tended to flee and spend more time in the dark compartment (Fig. 4). No other 379 
factors affected PC_Active scores (Table 1). 380 
For PC2 (hereafter PC_Shy), duration of time spent in the dark compartment 381 
contributed 31% to the variance, latency to re-enter the light compartment contributed 382 
26% and duration of thigmotaxis contributed 22% (collectively 78%).The duration of 383 
time spent in the dark compartment was positively correlated with the latency to re-384 
enter the light compartment (Table S3). Rats that spent more time in the dark took 385 
longer to re-enter the light compartment. In contrast, the latency to re-enter the light 386 
compartment was negatively correlated with the duration of thigmotaxis (Table S3). 387 
Rats that took longer to re-enter the light compartment were also less thigmotactic. The 388 
duration of time spent in the dark compartment was not correlated with the duration of 389 
thigmotaxis (Table S3), and pulled in opposite directions in the PCA. Site was a near 390 
significant predictor of PC_Shy scores (Table 1), as rats from the RF site spent 2.05 x 391 
more time in the dark compartment, and were 3.86 x less thigmotactic than rats from 392 
the HP site. No other factors or their interactions affected PC_Shy scores (Table 1). 393 
For PC3 (hereafter PC_Explore), the duration of exploration contributed 58% to 394 
the variance, while the duration of thigmotaxis contributed 37% (collectively 95%). 395 
These behaviours were not correlated (Table S3) and could not be performed at the 396 
same time, hence they pulled in opposite directions in the PCA. Site had a significant 397 
effect on PC_Explore scores (Table 1). When in the light compartment, rats from the 398 
HP site were more thigmotactic than rats from the RF site, which spent more time 399 
exploring (Fig. 5). Interestingly, the maximum temperature also affected PC_Explore 400 
scores, with maximum temperatures cooler than 27 °C associated with lower 401 
exploration and higher thigmotactic behaviour (Table 1). No other factors or their 402 
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Acoustic startle response 405 
In the acoustic startle test, the first three PCs collectively explained 96% of the 406 
variance (Table S2). For PC1 (hereafter PC_Active), duration of inactivity and latency 407 
to enter the dark compartment each contributed 21% to the variance, the number of 408 
transitions contributed 19% and the latency to re-enter the light compartment 409 
contributed 17% (collectively 77%). Duration of inactivity was positively correlated 410 
with the latency to enter the dark compartment and latency to re-enter the light 411 
compartment, and these were all negatively correlated with the number of transitions 412 
(Table S3). Rats that were more inactive took longer to enter the dark compartment, 413 
took longer to re-enter the light and made fewer transitions. Sex, and the interaction 414 
between sex and mass, both had a significant effect on PC_Active scores (Table 1). 415 
Females were significantly more active than males, and tended to flee in response to 416 
the startle, entering the dark compartment sooner than the males (Fig. 6). Females, 417 
however, also returned to the light compartment faster after the startle, and made more 418 
transitions than males (Fig. 6). Males tended to freeze in response to the startle. 419 
Females that were lighter on average, were more active, entered the dark compartment 420 
faster, returned to the light compartment faster and made more transitions than heavier 421 
females or males in general (Fig. 6). No other factors or their interactions affected 422 
PC_Active scores (Table 1). 423 
For PC2 (hereafter PC_Explore), the duration of exploration contributed 52% to 424 
the variance, while the duration of thigmotaxis contributed 47% (collectively 99%). 425 
These behaviours were not correlated (Table S3) and could not be performed at the 426 
same time, hence they pulled in opposite directions in the PCA. No factors or their 427 
interactions affected PC_Explore scores (Table 1). 428 
For PC3 (hereafter PC_Shy), duration of time spent in the dark compartment 429 
contributed 40% to the variance, latency to re-enter the light compartment contributed 430 
15% and duration of thigmotaxis contributed 17% (collectively 72%). Both time spent 431 
in the dark compartment and duration of thigmotaxis were negatively correlated with 432 
latency to re-enter the light (Table S3). Rats that took longer to re-enter the light 433 
compartment spent more time in the dark and were less thigmotactic than rats that 434 
entered the light compartment faster. Interestingly, rats that spent more time in the dark 435 
tended to be more thigmotactic (a non-significant positive relationship; Table S3). Site, 436 
and the interaction between sex and site, had a significant effect on PC_Shy scores 437 
(Table 1). Rats from the RF site spent more time in the dark, but were less thigmotactic 438 
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and were faster to return to the light compartment than rats from the HP site (Fig. 7). In 439 
addition, female rats from the RF site were more “shy” than males and animals from 440 
the HP site, spending more time in the dark. However, as a consequence, they were 441 
also less thigmotactic, and returned to the light faster after the startle (Fig. 7). No other 442 
factors or their interactions affected PC_Shy scores  (Table 1). 443 
    444 
Discussion 445 
In this study, we assessed whether behaviours commonly associated with exploration 446 
and activity in fawn-footed mosaic-tailed rats were influenced by the structure and 447 
complexity of the habitat in which they occurred, as suggested by Wiens (2000) and 448 
Marín et al. (2003). We confirmed that the HP site was less complex, and had a lower 449 
percentage of cover, than the RF site. Reduced structural complexity and less cover are 450 
considered characteristics of a more homogeneous habitat, and homogeneous habitats 451 
are often characterised by spatial and/or temporal stability of resources (Rymer et al. 452 
2013). 453 
We predicted that mosaic-tailed rats from the less structurally complex habitat 454 
would be less exploratory and less active, as individuals would have to trade off 455 
foraging against higher perceived predation risk (Sinclair 1979; Brown 1999). Our 456 
results provide some evidence for this trade-off; however, this appears to be context-457 
dependent. We acknowledge that we have no replication at the site level, and our 458 
interpretation of behavioural differences may also be related to a much broader suite of 459 
non-specified differences between the habitats, rather than structural complexity on its 460 
own, although we have attempted to control for variation in abiotic factors statistically. 461 
There was no effect of site on exploratory behaviour or activity in either the open 462 
field or novel object tests. However, under heightened predation risk (light-dark box 463 
and acoustic startle tests), mosaic-tailed rats from the HP site were less active and 464 
exploratory than rats from the RF site. This seems to be linked to a site-specific anti-465 
predator strategy, with rats from the HP site adopting a freezing strategy in response to 466 
a startle, whereas rats from the RF site were more likely to flee to the dark 467 
compartment. Interestingly, while Edut and Eilam (2003) suggested species-specific 468 
variation in anti-predator strategy based on species-specific ecology, Blanchard and 469 
Blanchard (1989) showed that distance to shelter, or availability of shelter, can also 470 
influence anti-predator behaviour. Laboratory Long-Evans rats (Rattus norvegicus 471 
domestica) readily fled to a shelter when it was available, but froze when none was 472 
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available (Blanchard and Blanchard 1989). Vegetation cover can help mitigate 473 
perceived predation risk (Sutherland and Dickman 1999), allowing individuals to 474 
continue exploring even in the presence of a predator. As the HP site had a lower 475 
percentage of cover than the RF site, this could explain why mosaic-tailed rats from 476 
the HP site were less exploratory and active in general, and froze when exposed to a 477 
novel noise when in the light compartment.  478 
Interestingly, we also found an effect of maximum temperature on PC_Explore 479 
scores in the light-dark box test, but not for any other behavioural scores or tests. 480 
Changes in temperature affect behaviour in other species. For example, increased 481 
temperature results in increased exploration and more time in the light compartment by 482 
zebrafish (Danio rerio, Angiulli et al. 2020), whereas decreased water temperature 483 
resulted in increased thigmotaxis in the laboratory mouse strain Ts65Dn in the Morris 484 
water maze (Stasko and Costa 2004). In these cases, temperature variations were 8 °C 485 
and 5 °C, respectively, compared to only an average 2 °C difference in the present 486 
study. More testing is required to ascertain what effect temperature has on behaviour in 487 
mosaic-tailed rats in general. 488 
In the acoustic start test, the sample sizes were not balanced because RF animals 489 
tended to remain in the dark at the end of the light-dark box test, and did not return to 490 
the light. Consequently, our results could be biased, although the patterns of individual 491 
variation observed here are important to note. The acoustic startle test requires that 492 
individuals to be in the light compartment for the test to commence, and we can make 493 
no assumptions about how an individual may or may not have responded if it did not 494 
return to the light. However, the patterns of behaviour in this test were largely 495 
consistent with those seen in the light-dark box test. In the light-dark box test, rats 496 
from the RF site were more active and exploratory in the light compartment, and made 497 
more transitions, than rats from the HP site, and this pattern was consistent in the 498 
acoustic startle test. 499 
Individuals from the HP site were heavier, in general, than individuals from the RF 500 
site, which suggests that the two habitats likely differ in the relative abundance and/or 501 
quality of food resources (Pulliam 1988), although this requires testing. Interestingly, 502 
we found a mass * site effect on PC_Active scores in the open field test. Lima (1986) 503 
suggested that increased mass increases the risk of predation as larger fat reserves may 504 
affect an individual’s ability to escape a predator. This could explain why heavier rats 505 
were less active in the RF site. Alternatively, as body mass tends to increase with age 506 
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in numerous species (rats, Brunelli et al.  2006; red foxes (Vulpes vulpes), Forbes-507 
Harper et al. 2017), and older animals tend to be less active in general than younger 508 
ones (Oosthuizen and Bennett 2015), heavier rats in the RF site might simply have 509 
been older. However, these explanations do not explain why heavier rats in the HP site 510 
were more active. One intriguing hypothesis, that would require considerable testing, 511 
relates to owl predation. Trejo and Guthman (2003) found that Magellanic horned owls 512 
(Bubo magellanicus) actively avoided heavier prey, preferentially selecting smaller 513 
individuals. If the lower cover in the HP site exposes rats to higher potential risk from 514 
owls, and owls prefer smaller rats, we would expect heavier rats to be more active in 515 
this site than lighter ones. 516 
Interestingly, regardless of site, males were heavier than females, indicating sexual 517 
dimorphism. This is consistent with Leung (1999) for the Cape York mosaic-tailed rat 518 
(Melomys capensis), suggesting a general pattern for the genus. However, we also 519 
found sex differences in behaviour and activity, which is consistent with Johnston and 520 
File (1991) and Golcu et al. (2014). Females were more curious than males in the 521 
novel object test, spending more time sniffing it than males, which is consistent with 522 
laboratory Brattleboro (Schatz et al. 2018) and Long-Evans rats (Cost et al. 2014). 523 
However, this contrasts previous findings in mosaic-tailed rats, where males were less 524 
neophobic towards a predator odour than females (Paulling et al. 2019), suggesting 525 
that the type of novel cue may elicit differential responses from the sexes. 526 
Interestingly, sex also had a significant effect on behaviour and activity scores in the 527 
acoustic startle test. Females were more active, were faster to enter the dark 528 
compartment and made more transitions than males. While Schuett and Dall (2009), 529 
King et al. (2013) and Heth et al. (1987) observed males to be more active than 530 
females, other studies have shown that female rodents tend to be more active than 531 
males in these types of laboratory tests (e.g. Cavigelli et al. 2011; Simpson et al. 532 
2012). However, PC_Active scores were also impacted by the interaction between sex 533 
and mass, as females that were lighter on average were more active than either heavier 534 
females or males, possibly because these lighter females were younger, as suggested 535 
above. In addition, PC_Shy scores were also impacted by the interaction between sex 536 
and site in the acoustic startle test, with females from the RF site spending more time 537 
in the dark after the startle. We are mindful that the sample sizes were small, with only 538 
three females and two males from the RF site. Therefore, we recommend additional 539 
testing to determine whether this pattern is consistent over a larger sample size, or 540 
17 
 
The accepted version of the manuscript published in Australian Mammalogy. This is not the 
final published version. 
whether this is specific for these individuals tested, particularly as some studies have 541 
found individual variation in the flight or freeze response within the same species (e.g. 542 
Gunther’s voles (Microtus socialis guntheri), Edut and Eilam 2003). That individuals 543 
show considerable variation in their behaviour is also of interest here, and warrants 544 
future study. 545 
Little is known about the behaviour of fawn-footed mosaic-tailed rats. Our results 546 
suggest that even small differences in habitat complexity may lead to variation in 547 
behaviour. However, this variation appears to be context-specific, being related 548 
specifically to predation risk. Our results also suggest that sex differences in behaviour 549 
are present in mosaic-tailed rats, although this may also be context-specific. Small-550 
scale variation in habitat complexity likely affects resource availability and ultimately 551 
body state of animals, which may consequently influence behaviours associated with 552 
predator avoidance. 553 
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Table 1. Statistical data for linear model analyses of principle components generated from the behaviour of fawn-footed mosaic-tailed rats 764 
(Melomys cervinipes) in four different behavioural tests (open field, novel object, light-dark box, acoustic startle). Significant differences are 765 
indicated in bold. 766 
  Test 
Predictor Response Open Field Novel Object Light-Dark Box Acoustic Startle 
Site PC_Active 
Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,32 = 0.96; P = 0.335 




F1,31 = 0.01; P = 0.927 
- 
χ21 = 0.05; P = 0.830 
- 
- 
χ21 = 4.01; P = 0.045 
- 
- 
χ21 = 3.59; P = 0.058 
χ21 = 5.84; P = 0.016 
χ21 = 0.13; P = 0.720 
- 
- 
χ21 = 7.99; P = 0.005 
F1,14 = 0.31; P = 0.586 
Mass PC_Active 
Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,32 = 0.42; P = 0.524 




F1,31 = 0.62; P = 0.437 
- 
χ21 = 0.03; P = 0.859 
- 
- 
χ21 = 0.03; P = 0.864 
- 
- 
χ21 = 3.23; P = 0.072 
χ21 = 0.54; P = 0.464 
χ21 = 0.03; P = 0.858 
- 
- 
χ21 = 0.26; P = 0.610 
F1,14 = 0.04; P = 0.847 
Sex PC_Active 
Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,32 = 0.23; P = 0.637 




F1,31 = 1.91; P = 0.177 
- 
χ21 = 6.10; P = 0.014 
- 
- 
χ21 = 0.03; P = 0.863 
- 
- 
χ21 = 1.65; P = 0.198 
χ21 = 0.04; P = 0.839 
χ21 = 6.89; P = 0.009 
- 
- 
χ21 = 0.78; P = 0.376 
F1,14 = 1.25; P = 0.283 
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Site * Mass PC_Active 
Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,32 = 7.42; P = 0.010 




F1,31 = 1.45; P = 0.238 
- 
χ21 = 0.83; P = 0.362 
- 
- 
χ21 = 0.02; P = 0.895 
- 
- 
χ21 = 0.41; P = 0.524 
χ21 = 0.09; P = 0.760 
χ21 = 1.89; P = 0.170 
- 
- 
χ21 = 0.17; P = 0.681 
F1,14 = 1.96; P = 0.710 
Site * Sex PC_Active 
Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,32 = 1.33; P = 0.258 




F1,31 = 0.39; P = 0.538 
- 
χ21 = 0.00; P = 0.963 
- 
- 
χ21 = 0.19; P = 0.662 
- 
- 
χ21 = 0.90; P = 0.344 
χ21 = 1.92; P = 0.166 
χ21 = 0.35; P = 0.556 
- 
- 
χ21 = 4.58; P = 0.032 
F1,14 = 0.00; P = 0.986 
Mass * Sex PC_Active 
Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,32 = 0.01; P = 0.909 




F1,31 = 2.29; P = 0.140 
- 
χ21 = 0.18; P = 0.699 
- 
- 
χ21 = 0.36; P = 0.550 
- 
- 
χ21 = 0.96; P = 0.328 
χ21 = 2.36; P = 0.125 
χ21 = 4.88; P = 0.027 
- 
- 
χ21 = 1.53; P = 0.216 
F1,14 = 0.36; P = 0.558 
Site * Mass * Sex PC_Active 
Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,32 = 0.03; P = 0.856 




F1,31 = 1.31; P = 0.261 
- 
χ21 = 2.78; P = 0.096 
- 
- 
χ21 = 0.48; P = 0.488 
- 
- 
χ21 = 2.08; P = 0.149 
χ21 = 1.33; P = 0.250 
χ21 = 0.57; P = 0.450 
- 
- 
χ21 = 0.07; P = 0.793 
F1,14 = 1.03; P = 0.328 
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PC_Moisture PC_Active 
Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,35 = 2.83; P = 0.101 




F1,34 = 2.30; P = 0.139 
- 
χ21 = 2.61; P = 0.106 
- 
- 
χ21 = 3.02; P = 0.082 
- 
- 
χ21 = 0.23; P = 0.629 
χ21 = 2.23; P = 0.136 
χ21 = 0.25; P = 0.615 
- 
- 
χ21 = 0.91; P = 0.340 




Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,35 = 0.09; P = 0.763 




F1,34 = 0.26; P = 0.612 
- 
χ21 = 0.16; P = 0.694 
- 
- 
χ21 = 1.70; P = 0.192 
- 
- 
χ21 = 1.48; P = 0.630 
χ21 = 9.59; P = 0.002 
χ21 = 0.11; P = 0.743 
- 
- 
χ21 = 0.00; P = 0.996 
F1,17 = 0.35; P = 0.562 
Cloud Cover PC_Active 
Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,35 = 0.36; P = 0.555 




F1,34 = 1.77; P = 0.193 
- 
χ21 = 0.54; P = 0.464 
- 
- 
χ21 = 0.02; P = 0.895 
- 
- 
χ21 = 0.45; P = 0.505 
χ21 = 0.31; P = 0.575 
χ21 = 0.30; P = 0.581 
- 
- 
χ21 = 0.00; P = 0.981 
F1,17 = 0.74; P = 0.402 
Moon Phase PC_Active 
Duration of exploration 
Duration of sniffing 
PC_Shy 
PC_Explore 
F1,35 = 0.06; P = 0.803 




F1,34 = 0.47; P = 0.496 
- 
χ21 = 0.25; P = 0.616 
- 
- 
χ21 = 0.04; P = 0.844 
- 
- 
χ21 = 0.02; P = 0.885 
χ21 = 0.70; P = 0.401 
χ21 = 0.17; P = 0.681 
- 
- 
χ21 = 0.01; P = 0.922 
F1,17 = 0.16; P = 0.693 
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PC_Active in the Open Field was scaled up by 400 and square root transformed. Duration of exploration was square root transformed for the Open Field test. PC_Active in 767 
the Novel Object was scaled up by 200 and either square root transformed (biological factors) or log transformed (abiotic factors). We used a general linear model with 768 
negative binomial distribution and log-link function for duration of sniffing in the Novel Object test. In the Light-Dark Box, PC_Active was scaled up by 400, PC_Shy was 769 
scaled up by 300, PC_Explore was scaled up by 100, and we used general linear models with negative binomial distribution and log-link function. In the Acoustic Startle, 770 
PC_Active was scaled up by 300, PC_Explore was scaled up by 200 and PC_Shy was scaled up by 100. We used general linear models with negative binomial distribution 771 
and log-link function for PC_Active and PC_Shy, and we square-root transformed PC_Explore scores. 772 
 773 
  774 
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